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METHOD AND APPARATUS FOR AUTOMATIC TRACKING OF AN OPTICAL 
SIGNAL IN A WIRELESS OPTICAL COMMUNICATION SYSTEM 

Field of the Invention 

The invention is directed toward the field of free-space optical communications, 
and more particularly, to a method and apparatus for automatically aligning the transmitter and 
receiver in a free-space optical communication system. 

Background of the Invention 

In wireless optical communication systems, the optical signal propagates in free 
space. In contrast to radio frequency (RF) communication systems, optical wireless 
communication systems are extremely directional. Thus, precise alignment is required between 
the transmitting unit and the receiving unit. The highly directional nature of wireless optical 
communication systems, however, provides the advantage of improved security, since the optical 
signal can only be intercepted along the path of the transmitted light. Another advantage of the 
optical wireless link is that the optical portion of the spectrum is not regulated by the 
government. Thus, a government license is not required to operate the transmitter and receiver, 
unlike a comparable radio frequency (RF) wireless communication system. More importantly, 
the bandwidth or information carrying capacity of optical wireless systems is much greater than 
that of RF wireless communication systems. 

Fiber-based communication systems require the use of an optical fiber. Wireless 
optical communication systems have an advantage over such fiber-based communication systems 
in that the wireless communication systems do not require a physical connection between the 
transmitter and the receiver. In an urban environment, such as New York City, it can be difficult 
to install a physical connection between two buildings, especially if the buildings are separated 
by a street or another building. A wireless optical link only requires an unobstructed path 
between the transmitter and the receiver, which is often easier to achieve in an urban 
environment than a physical link. Wireless optical communication systems are particularly 
suitable for use where temporary high capacity data links between two installations are required, 
such as in an emergency relief operation for a disaster area or in military operations. 
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Wireless optical systems include a transmitting unit, for forming a transmitted 
beam, aimed at a receiving unit that collects the received beam. Typically, the optical signal to 
be transmitted is emitted from a semiconductor laser. The emitting facet of the laser (or an 
optical fiber into which the laser is coupled) lies at the front focal plane of the transmitting unit. 
5 The received signal is typically collected on a photodetector (or an optical fiber connected to the 
photodetector) positioned at the rear focal plane of the receiving unit. 

As previously indicated, optical signals are extremely directional. Thus, the 
transmitting unit and the receiving unit must be precisely aligned with one another. Nonetheless, 
atmospheric diffraction effects can cause the transmitted beam to deviate from the carefully 

10 aimed path (beam wander). In addition, the alignment can be degraded as a result of temperature 
variations or movement of the transmitting unit or the receiving unit, for example, when the 
structure upon which the transmitting unit or the receiving unit is mounted moves. 

Automatic beam tracking techniques have been used to compensate for alignment 
degradation and to ensure alignment of the transmitting unit and the receiving unit. 

15 Conventional automatic tracking techniques typically utilize a beacon signal that is generated by 
a separate laser using a different wavelength than the primary information-carrying signal. The 
beacon signal, which is aligned with the main beam, travels along the optical path and is 
redirected to dedicated alignment hardware, including a video camera. The dedicated alignment 
hardware determines whether the beacon signal (and thus, the primary information-carrying 

20 signal) is out of alignment and determines an appropriate alignment correction, if necessary, in a 
well-known manner. In addition to the added expense from such dedicated hardware, the beacon 
signal may exhibit different transmission properties, since the beacon signal is transmitted at a 
different wavelength than the primary information-carrying signal. 

A need therefore exists for an automatic tracking technique that aligns the 

25 transmitting unit and the receiving unit using the primary information-carrying optical signal 
itself. A further need exists for an automatic tracking technique that aligns the transmitting unit 
and the receiving unit using the same wavelength as the primary information-carrying signal. 
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Summary of the Invention 

Generally, a method and apparatus are disclosed for aligning the transmitting unit 
and the receiving unit in an optical wireless communication system. The receiving unit includes 
an objective optic, such as a lens, and an optical bundle positioned at the focal point of the lens. 
According to one aspect of the present invention, the optical bundle is comprised of an array of 
optical fibers, arranged surrounding the receiving fiber. The receiving unit also includes a 
number of detectors that measure the optical signal strength on a corresponding fiber in the 
optical bundle. The array of fibers is used to detect the location of the received signal relative to 
the receiving optical fiber and to provide feedback to adjust the orientation of the optical bundle 
to optimize the received signal strength. 

An alignment process utilizes the optical signal strengths measured by the 
surrounding fibers in the array to detect the location of the received signal relative to the 
receiving optical fiber, and to provide feedback to adjust the orientation of the receiving unit to 
optimize the received signal strength. Each outer optical fiber is connected to a corresponding 
optical signal detector that generates error signals that are proportional to the degree of 
misalignment between the receive signal and the receiving fiber. When misalignment occurs 
between the received signal and the receiving fiber, some of the incident received signal will be 
captured by one or more of the outer optical fibers. The amplitude of each of the generated 
signals are then compared to each other, thereby giving a direction in which to drive the optical 
bundle back into alignment with the received signal. 

The present invention provides automatic tracking using the information-carrying 
optical signal, without the need for a separate laser. In one embodiment, the fibers in the array 
and the receiving fiber terminate in the same plane. In further variations, the receiving fiber is 
recessed relative to the surrounding fibers to prevent the optical signal from terminating in the 
cladding of the receiving fiber as the receiving unit initially loses alignment. The receiving fiber 
can be recessed relative to the surrounding fibers, for example, by appending an extension bundle 
or a silica disk to the optical bundle to add additional length to each fiber in the array. 

A more complete understanding of the present invention, as well as further 
features and advantages of the present invention, will be obtained by reference to the following 
detailed description and drawings. 
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Brief Description of the Drawings 

FIG. 1 is a block diagram of a suitable wireless optical communication system in 
which the present invention can operate; 

FIG. 2 illustrates an end view of an optical bundle design in accordance with the 
present invention for use with the receiving unit of FIG. 1; 

FIG. 3 illustrates a second embodiment of the optical bundle design of the present 

invention; 

FIG. 4 illustrates a third embodiment of the optical bundle design of the present 

invention; 

FIG. 5 illustrates a fourth embodiment of the optical bundle design of the present 

invention; and 

FIG. 6 is a flow chart describing an alignment process incorporating features of 
the present invention to detect the location of the received optical signal and to provide feedback 
to adjust the orientation of the receiving unit of FIG. 1. 

Detailed Description 

FIG. 1 is a block diagram of an illustrative wireless optical communication system 
in which the present invention can operate. The wireless optical communication system includes 
an optical transmitting unit 100 and an optical receiving unit 158. In the illustrative embodiment, 
the optical transmitting unit 100 includes a source 102 of light at a given wavelength. It is noted, 
however, that the present invention could also be implemented in an optical communication 
system that utilizes multiple wavelengths, as would be apparent to a person of ordinary skill in 
the art. 

The illustrative source 102 may be embodied, for example, as a distributed 
feedback (DFB) laser that operates, for example, in a range of light between 1300 and 1700 
nanometers (nm). The light generated by the source 102 is captured by an objective optic, such 
as a lens 1 10, of a transmitting unit 140. 

As shown in FIG. 1, the receiver 158 includes a receiving unit 160 having an 
objective optic, such as a lens 170, and an optical bundle design 200 in accordance with the 
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present invention. The optical bundle 200, discussed further below in conjunction with FIGS. 2 
through 5, is positioned at the focal point of the lens 160. As discussed further below in 
conjunction with FIG. 6, the receiving unit 158 also includes a number of detectors 180-1 
through 180-N, hereinafter collectively referred to as detectors 180, that measure the optical 
signal strength on a corresponding fiber in the bundle 200. As previously indicated, the 
transmitting unit 140 and the receiving unit 160 must be precisely aligned due to the directional 
nature of optical signals. The optical path between the transmitting unit 140 and the receiving 
unit 160 is indicated by reference number 150. 

FIG. 2 illustrates an end view of an optical bundle design 200 for use with the 
receiving unit 160 in accordance with the present invention. As shown in FIG. 2, the optical 
bundle design 200 is comprised of an array 220 of optical fibers 220-1 through 220-N, arranged 
in the plane surrounding the receiving fiber 210. As discussed hereinafter, the array 220 is used 
to detect the location of the received signal relative to the receiving optical fiber 210 and used to 
provide feedback to adjust the orientation of the receiving unit 160 to optimize the received 
signal strength, as discussed further below in conjunction with FIG. 6. In this manner, the 
surrounding fibers 220 detect whether the signal in the received fiber 210 is properly aligned. 

According to one feature of the present invention, automatic tracking is provided 
using the same wavelength, and in fact, the same information-canying optical signal, without the 
need for a separate laser. The number, N, of optical fibers 220-N in the surrounding array 220 is 
selected to simplify fabrication. It has been found, for example, that symmetry is hard to achieve 
for four (4) fibers, and that six (6) fibers automatically provides the desired symmetry for equal 
fiber diameters. The core diameter and numerical aperture of the optical fibers 220-N in the 
surrounding array 220 are selected to capture as much light as possible. In the illustrative 
embodiment shown in FIG. 2, the array 220 includes six (6) optical fibers 220-1 through 220-6. 

It is noted that receiving fibers 210 typically have a core diameter on the order of 
50 microns. The diameter of the received fiber 210 is selected to balance the core diameter with 
the resultant pulse dispersion. Generally, as the core diameter increases, the pulse dispersion also 
increases. Thus, the pulse dispersion imposes a limit on the amount of information that may be 
transmitted on a multi-mode fiber. The optical fibers 220-N in the illustrative surrounding array 
220 are used to obtain a measurement of the amount of light captured by each fiber 220-N 
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relative to other fibers in the array 220 and to the receiving fiber 210 (and not to detect data in the 
optical signal). Thus, pulse dispersion is not an issue for the fibers in the array 220 and the 
surrounding fibers 220-N can have a core diameter on the order of 100 microns, in order to 
maximize the amount of captured light. 

It is noted that the fibers 220-N in the array 220 and the receiving fiber 210 all 
terminate in the same plane in the embodiment of FIG. 2. It has been observed, however, that as 
the transmitting unit 140 and the receiving unit 160 initially lose alignment, the beam deviation 
will position portions of the optical signal in the cladding of the receiving fiber 210 (which 
cannot be detected). One possibility that reduces but does not eliminate this problem is to reduce 
the thickness of the cladding (which may require additional post-fabrication processing of a 
fiber). Thus, according to additional features of the present invention, discussed in conjunction 
with FIGS. 3 through 5, the sensitivity of the automatic tracking system is increased. 

FIG. 3 illustrates a second embodiment of an optical bundle design 300 in 
accordance with the present invention. In the embodiment of FIG. 3, the array 220' of optical 
fibers is arranged around the receiving fiber 210\ with the receiving fiber 210' recessed relative 
to the array 220. In this manner, the optical signal arrives focused on the core of the receiving 
fiber 210' and part of the optical signal will be captured by the surrounding fibers 220' (even for 
perfect alignment). As the optical signal deviates from perfect alignment, additional signal 
strength will be measured by the surrounding fibers 220'. The embodiment of FIG. 3 can be 
fabricated, for example, by polishing the terminal end, in a known manner, that serves to 
terminate all the fibers 220-N' and 210' in the same plane, and then pulling back the receiving 
fiber 210'. 

FIG. 4 illustrates a third embodiment of an optical bundle design 400 in 
accordance with the present invention. In the embodiment of FIG. 4, an extension bundle 410 is 
added to the optical bundle design 200 of FIG. 2 to add additional length, L, to each surrounding 
fiber. The embodiment of FIG. 4 can be fabricated, for example, by utilizing an extension bundle 
410 of length L comprised of six optical fibers arranged around a central fiber. The central fiber 
is then removed from the extension bundle 410, to create an array of six surrounding fibers of 
length L that may be appended to the embodiment 200 shown in FIG. 2, for increased sensitivity. 



# 

FIG. 5 illustrates a fourth embodiment of an optical bundle design 500 in 
accordance with the present invention. In the embodiment of FIG. 5, a silica disk 510 is 
appended to the optical bundle design 200 of FIG. 2 to add additional length, L, to each 
surrounding fiber. The embodiment of FIG. 5 can be fabricated, for example, by utilizing a silica 
disk 510 having a hole in the center. The outer diameter of the disk 510 is at least equal to the 
diameter of the optical bundle design 200 of FIG. 2 and the inner diameter of the disk is 
approximately equal to the core diameter of the receiving fiber 210. In this manner, portions of 
the optical signal that travel through the disk 510 will be refracted into the surrounding fibers 
220-N of the optical bundle design 200. Likewise, portions of the optical signal that travel 
through the aperture in the disk 510 will have a direct path to the core of the receiving fiber 210 
of the optical bundle design 200 (without refraction). 

FIG. 6 is a flow chart describing an alignment process 600 in accordance with the 
present invention that utilizes the optical signal strengths measured by the surrounding fibers 
220-N in the array 220 to detect the location of the received signal relative to the receiving 
optical fiber 210, and to provide feedback to adjust the orientation of the receiving unit 160 to 
optimize the received signal strength. 

The optical signals captured by each of the outer fibers in the optical bundle are 
used to determine any misalignment between the received signal and the receiving fiber. As 
shown in FIG. 1, each of the outer optical fibers 220 is connected to an independent optical 
signal detector 180 and these signals provide the error signals that are proportional to the degree 
of misalignment between the receive signal and the receiving fiber. 

When misalignment occurs between the received signal and the receiving fiber 
210, some of the incident received signal will be captured by one or more of the outer optical 
fibers 220. The corresponding optical signal detector(s) 180 then detects this signal, where its 
amplitude is measured. The amplitude of each of the generated signals are then compared to 
each other, thereby giving a direction in which to drive the optical bundle 200 back into 
alignment with the received signal. In other words, if a signal is only generated in the outer fiber 
220 directly above the receiving fiber 210, then this implies that the entire bundle must be moved 
in the positive vertical direction in order to achieve alignment. If a signal is generated in two or 
more outer fibers 220, then the entire bundle 200 must be driven in the direction that will 
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minimize the outer fiber signals, while maximizing the received fiber signal. In this case, the 
bundle is driven equally towards each of the two outer fibers 220 capturing a signal. 

Once an optical signal is detected in one or more of the outer fibers 220, the 
realignment sequence 600, shown in FIG. 6, begins, thereby maximizing the received fiber 
5 signal. During this procedure, the outer fiber signals, along with the received fiber signal, are 
continuously monitored while the bundle 200 is moved, thereby providing feedback to the 
alignment algorithm 600. As the bundle 200 is moved towards realignment, the signal in the 
outer fibers 220 will decrease to a minimum while the signal in the receiving fiber 210 will 
achieve a maximum. Alignment occurs when the signals captured by the outer fibers 220 are 

10 minimized. A schematic flow chart detailing this constant feedback system is shown in FIG. 6. 

As shown in FIG. 6, the signal strength in each of the outer fibers 220 is measured 
during step 610. A test is continuously performed during step 615 until a signal is detected in at 
least one of the outer fibers 220. Once a signal is detected in at least one of the outer fibers 220 
during step 615, an alignment routine 620 is executed. Based on the relative strength of the 

15 signals in each of the outer fibers 220, as detected during stage 630, the bundle 200 is 
repositioned during stage 635 using bundle actuator 660 in a direction that drives the optical 
bundle 200 back into alignment with the received signal. Meanwhile, stage 640 continues to 
monitor the signals in each of the outer fibers 220 and receiving fiber 210 and applies a feedback 
signal to the actuator 660 that attempts to minimize the signal strength measured in the outer 

20 fibers 220, while maximizing the signal in the receiving fiber 210. 

It is to be understood that the embodiments and variations shown and described 
herein are merely illustrative of the principles of this invention and that various modifications 
may be implemented by those skilled in the art without departing from the scope and spirit of the 
invention. 
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